In this volume honoring Dr. Fulton, it is fitting to call attention to his great contribution to the study of functional localization in the brain. It is of consequence to research on mental disease, our country's foremost health problem, that long ago his interest in localization not only applied to the representation of bodily functions, but also transcended Sherringtonian tradition and extended to psychological processes. His use and promotion of interdisciplinary study for demonstrating correlations of brain function and psychological phenomena set the stage for lines of endeavor that promise to be fruitful for years to come.
During the past two decades investigations conducted in Dr. Fulton's laboratory and elsewhere have gone far in substantiating a postulated dichotomy in the function of the phylogenetically old and new cortex.20"" This "schizophysiology"'" has fundamental implications for psychology and psychiatry because it bears on distinctive attributes of emotional and intellectual behavior. It also has immediate relevance to "psychomotor" epilepsy.
The structural basis for the foregoing dichotomy was implicit in the anatomical findings of Broca. In 1878, he demonstrated that a large convolution which he called the great limbic lobe is found as a common denominator in the brains of all mammals.1 The structural constancy of this primitive convolution stands in contrast to the rapidly evolving neocortex which mushrooms around it. The greater part of the phylogenetically old cortex is contained in the great limbic lobe. This cortex together with its subcortical cell stations comprises a functionally integrated system which may be appropriately referred to as the limbic system (see ref. 15 for terminology). Experiment has shown that various forms of viscerosomatic and emotional behavior are dependent on this system, whereas problem-solving behavior is largely determined by the neocortex and its associated structures (see ref. 5) .
This paper will present FIG. 1. Drawing of medial surface of macaque's brain, showing schematically that the limbic lobe contains two concentric rings of phylogenetically old cortex. The archicortex (black) makes up the inner ring, and the greater part of the mesocortex (stipple) is found in the outer ring. In evolution, the archicortex is stretched out by the growth of the corpus callosum so that in higher forms the bulk of it is folded into the hippocampal formation in the inferomedial part of the temporal lobe. some tentative correlations based on diversified studies on the hippocampus that are in progress and bear on the problem of functional localization in the limbic system. As diagrammatically illustrated in Figure 1 , the hippocampus is a large convolution comprising the greater part of the so-called archicortex which forms the innermost portion of the limbic lobe. In evolution, with the growth of the corpus callosum, it is pulled out somewhat like a piece of chewing gum so that in higher forms the bulk of it comes to lie within the inferomedial part of the temporal lobe. It is to be emphasized that the hippocampus has the structural features of the most primitive type of cortex and that in development it bears a more intimate relationship to the hypothalamus than the cortex that differentiates at a later time in phylogeny.
One of the most striking demonstrations of the neural integration of limbic structures and the potential schizophysiology of limbic and neocortical systems is provided by mapping the spread of an afterdischarge induced in the hippocampus. As shown by Kaada10 and others,2 such discharges have a tendency to spread throughout and be largely confined to the limbic system and perilimbic structures. It is striking to find that intense seizure activity may propagate in the limbic system without resulting in an appreciable alteration of the electroencephalogram recorded from the outer convexity of the neocortex. '8 There are grounds for inferring that propagating seizures induced either electrically or chemically in the hippocampus result in what must amount, in part, to a functional ablation of the limbic system. Theoretically, therefore, the study of intact waking animals during hippocampal seizures provides a means of assessing the effect of the deprivation of limbic function on behavior.
A general description of the behavior of an animal during a hippocampal seizure will provide background for presenting the conditioning, electroencephalographic, drug, and radioautographic studies to be summarized. It must be emphasized first of all that despite the intense nature of the seizure recorded electrically, there is generally little or no evidence of it in the skeletal musculature. Convulsive activity, if present, usually involves the ipsilateral face. Sometimes there is gagging, retching, or salivation. A number of the spontaneous or induced behavioral changes during hippocampal seizures are reminiscent of those seen in animals deprived of the forebrain. One is impressed by the animal's lack of spontaneity of movement and its seemingly poor contact with its environment. There is an apparent incapacity for directed appropriate action in response to various stimuli. Although the reverse may happen occasionally, there generally appears to be underreactivity to painful stimuli of moderate intensity. Intense noxious stimulation, however, elicits a state resembling sham rage that is abruptly followed by the animal's assumption of prolonged catatonic-like stances when such stimulation is terminated. One can demonstrate the retention of a number of postural and viscerosomatic reflexes.
CONDITIONING STUDIES
The injection of microamounts of crystalline carbachol into the hippocampus results in a prolonged seizure during which one can observe for an hour or more the type of changes that have been described.'8 Taking advantage of this method, we undertook to obtain an objective measure of whether or not an animal is deprived of the capacity for directed, appropriate action during a drug-induced hippocampal seizure."s" Several cats and one squirrel monkey were conditioned to avoid a shock following the sound of a buzzer by crossing from one side of a cage to the other. At the time the seizure was reaching its height, these animals no longer responded appropriately to the conditioned stimulus. They appeared confused and moved about at random. Upon receiving the unconditioned stimulus, however, they might at times (perhaps accidentally as the result of random, violent jumping) reach the other side with greater alacrity than in the test under normal conditions. Finally at the very height of the seizure, they might appear almost unresponsive or hop around in all directions.
The conditioned escape situation requires bodily orientation and a complex sequential relation of reflexes. It was, therefore, of interest to ascertain whether or not a hippocampal seizure would also alter or abolish such relatively simple conditioned reflexes as a foreleg response or a change in the cardiac rate. This question also bore on another problem. Gantt has observed that a conditioned cardiac reflex may persist in an animal long after a somatic reflex conditioned by the same stimulus has become extinguished.6 He refers to this condition as schizokinesis. The foregoing experiments, therefore, provided an opportunity to obtain a clue as to whether such a schizokinesis was in any way related to the schizophysiology of the limbic and neocortical systems. In other words, it was sought to discover whether or not a hippocampal seizure would have a differential effect on conditioned somatic and cardiac responses. This investigation has not reached a stage where it can answer these questions, but a number of experiments have demonstrated fairly conclusively that a hippocampal seizure may abolish or markedly alter conditioned cardiac and respiratory responses.
In the exploratory experiments on cats to be described here, classical trace conditioning was used.4* This choice was based on the assumption that the interval between the conditioned and unconditioned stimuli would bring to the fore differential changes in the heart rate and respiration that would not otherwise be so apparent. Although after an extensive number of trials no foreleg response was obtained by this method, conditioned cardiac and respiratory changes were readily elicited, and this provided a means of testing the effect of hippocampal seizures on these aspects of conditioning. The conditioned stimulus was an interrupted sound and the unconditioned stimulus a shock to the foreleg. As illustrated in the left-hand records in Fig. 2 , the conditioned stimulus was typically followed by some slowing of the heart and by shallow and more rapid respiration. It is important to emphasize that the animals remained quiet during the interval between the * These investigations have thus far involved 13 animals. It should be emphasized that one must wait around 5 minutes between trials if one is to be successful in establishing consistent cardiac and respiratory responses in the cat. The animals are trained to remain quiet in a -restraining device. conditioned and unconditioned stimuli because one was thereby assured that the resulting cardiac and respiratory responses were not attributable to diffuse bodily movements. Once these responses were established, the animals were tested during hippocampal seizures induced by electrical stimulation. There were many instances such as are illustrated in the first and second records of Fig. 2 where during the seizure there was no appreciable alteration of respiration or heart rate following the conditioned stimulus, although the animal was able to respond to the shock. In other instances, such as illustrated in the third record, where there were clearly detectable changes in respiration, these did not begin to approach the picture seen in the absence of seizures. Not indicated in the records, but of considerable interest, was the alteration of the animals' vocal response to the unconditioned stimulus during the hippocampal afterdischarge. The plaintive meowing that ordinarily followed the shock was replaced by growling and hissing. It is also significant to point out that when single muscle units happened to reveal themselves in the electromyogram, there was no change in the rate of their discharge during the onset and continuation of the seizure.
EFFECT OF RESERPINE ON CONDITIONING
Reserpine is now extensively used for the treatment of psychiatric and cardiovascular disorders. In the course of this work, observations have been made that point to certain parallels between the behavior of the reserpinetreated animals and those subjected to seizures induced by the local application of carbachol to the hippocampus. In both situations, the animal manifests a poverty of spontaneous movement, underreactivity to painful stimuli, and a failure to direct its attack when the experimenter applies intense noxious stimulation. A further parallel is suggested by experiments in which we have administered reserpine to cats in which consistent conditioned cardiac and respiratory changes had been established.* It has been * Reserpine (Serpasil) was administered parenterally in a dose of 1 mg./kg. We are grateful to Ciba Pharmaceutical Products for providing the Serpasil used in these experiments.
FIG. 2.
Excerpts from records of 4 cats, comparing respiratory and cardiac responses to a conditioned stimulus during the usual test situation (left-hand records) and during hippocampal afterdischarges (right-hand records). When the cat is held in a restraining device and trace conditioning is employed, the conditioned stimulus (clicks) is typically followed by some slowing of the heart and by shallow observes under normal conditions. The regular activity seen in the hippocampus appeared after the experimenter called, "Kitty, kitty." In contrast it is noted that the EEG from the suprasylvian gyrus simultaneously became "desynchronized." Lower record illustrates that by the 20th hour after reserpine slow rhythmic activity may be practically continuous in the hippocampus during long periods when desynchronized activity of the waking state is recorded from the neocortex. The record is also illustrative of the rhythmic activity which may be manifest in the region of the posterior hypothalamus and which appears to be synchronous with that seen in the hippocampus. All recordings bipolar except uppermost tracing. R, reference electrode. Horizontal and vertical calibrations correspond, respectively, to one second and 200 microvolts. treated animals and those subjected to hippocampal seizures are attributable to alteration of function in comparable neural structures. About four hours after the administration of the drug, the recording from the hippocampus begins to show a good deal of rhythmic activity at a frequency of 3.5 to 4 cycles per second. This activity is conspicuous only during periods when desynchronized activity of the waking state is recorded from the neocortex. During the next several hours, rhythmic activity becomes much more conspicuous and develops a slower frequency that usually ranges from 2.5-3.5 cycles per second. As illustrated in Figure 3 , by the 20th hour rhythmic activity may be practically continuous in the hippocampus during long periods when desynchronized activity of the waking state is recorded from the neocortex. The record is also illustrative of the rhythmic activity which may be manifest in the region of the posterior hypothalamus and which appears to be synchronous with that seen in the hippocampus. During the long period when the animal is recovering from the effects of reserpine, one sees a gradual reversal in the course of the electroencephalographic events that have been described. The changes in the heart rate follow a similar time course, there being first a progressive slowing followed by a gradual return to the normal rate. The simultaneous recording of the electroencephalogram and the electrocardiogram gives assurance that the rhythmic activity recorded from the brain is not attributable to a pulsation artefact.
It has been curious to find that except for the extended time course, the electroencephalographic picture associated with reserpine has many similarities to that observed during the induction and recovery stages of ether anesthesia.
Of the agents we have tested, ether and reserpine are the only ones that have been associated with this distinctive type of electroencephalogram.* This suggests that ether and reserpine share some action in common in regard to their effect on hippocampal-hypothalamic function, which by inference is depressant in nature.
RADIOAUTOGRAPHIC STUDIES
The foregoing inference would be compatible with the findings of radioautographic studies employing S35-labeled l-methionine. ' The results of this work will be more clearly understood if the nature of these experiments is briefly described. As methionine is an essential amino acid, it is incorporated into protein when administered to an animal. Hence the rate of incorporation of S3 after the administration of S35-labeled 1-methionine serves as an * It has since been found that when an animal breathes C02, the activity of the hippocampus becomes very regular, but in the few observations that have been made thus far, it has been noted that the frequency of the rhythmic potentials is somewhat faster than in the conditions under consideration. In control experiments, well-differentiated radioautographs were obtained from rats sacrificed within the first hour following an injection of the isotop'e. Electrophoretic studies of the blood serum revealed that almost all of the radioactive sulphur remaining in the blood at the end of one hour was incorporated into blood proteins. As briefly reported elsewhere,'" radioautographs obtained in this manner show depths of contrast that bear a striking resemblance to Nissl-stained sections (cf. right-hand radioautograph of Fig. 5 ). Accordingly, one finds the following parallels: (i) The MaCLEAN, FLANIGAN, FLYNN , KIM, STEVENS activity manifests itself predominantly in the grey matter. (ii) The linibic cortex, generally, and the hippocampal formiation, in particular, appear darker in the radioautograph than the nieocortex. ( iii) The cerebellar cortex is also conspicuously dark. (iv) In correspondence with their deep coloration in Nissl, such subcortical structures as the supraoptic, paraventricular, and tuberal nuclei of the hypothalamus, the anterodorsal and medial habenular nuclei of the thalamus, the interpeduncular nucleus of the midbrain, etc., appear darker in the film than other nuclear formations. The pituitary and pineal glands, as well as the choroid plexus and ependymal lining, appear black in the film.
It has been found that radioautographs from rats treated with reserpine show a generalized decrease in radioactivity as compared with the controls. This is illustrated in Figure 4 which compares the radioautographs from a control and two treated animals. The one at the right of the figure is from a rat that received reserpine (Serpasil) in a dose of 1 mg./kg. on one and three days before the administration of S35-labeled 1-methionine. It is considerably paler than that FIG. 5 . Radioautographs of comparable sections from hemispheres of a control (right) and a convulsed animal (left). Sections cut simultaneously and mounted together to insure they would be of equal thickness and subject to identical photographic processing. The experimental animal had insulin-induced convulsions for an hour prior to the administration of S8'-labeled 1-methionine. Its brain shows considerably less radioactivity than the control's. In contrast to the control, note that the region of the hippocampus is as pale as the neocortex.
Curiously enough, in this instance the pyriform cortex and perithalamic reticulum were not affected to the same degree as other parts of the brain.
from an animal receiving a single dose (left radioautograph) which in turn is less intense than the control (middle of figure) .
The picture in the case of reserpine is essentially similar to what one finds after inducing deep anesthesia in an animal. It might be inferred therefore that reserpine, like anesthesia, interferes with processes that lead to protein synthesis in the nerve cells of the brain. The qualitative appraisal of the radioautographs not only suggests that the changes resulting from this interference are generally manifest in the grey matter, but also that they are relatively greater in structures ordinarily showing a high degree of radioactivity. Such differential effects have been most clearly seen in radioautographs from animals suffering from infections, or, as illustrated in Figure 5 , subjected to a series of convulsions by means of insulin. In the figure, a section through the hemisphere of a convulsed animal is shown on the left and a comparable section from the control on the right. It is seen that the film in the region of the hippocampus of the convulsed animal is as pale as that in neocortical areas. In the light of these observations, the possibility is suggested that such a structure as the hippocampus would stand in a position to be more readily affected than other parts of the brain by conditions interfering with protein synthesis. If this were true, it would perhaps contribute a partial explanation of the electroencephalographic changes that have been described above and provide another clue as to one of the sites of action of reserpine.
DISCUSSION
The foregoing studies have presented diverse experimental evidence indicating that derangement of function in the hippocampus and closely related structures results in measurable changes in the psychological behavior of animals.* It is obvious, however, that much more experimentation will be necessary before one can more than speculate about how the structures under consideration influence psychological processes. Of the many distinctive properties of the hippocampus its peculiar bioelectrical activity comes nearest at the present time to giving a clue as to the manner in which this primitive, enigmatic convolution affects cerebral function. After a brief review of the nature of this activity, it will be of interest to consider it in the light of some of the findings of the conditioning experiments that have been described in this paper.
Electrophysiological studies have shown that, in addition to brief responses, stimulation by way of various intero-and exteroceptive systems results in prolonged trains of rhythmically recurring potentials in the hippocampal gyrus and the hippocampus.""7'8 Figure 6 , showing a record taken from a conditioning experiment, illustrates the nature of the rhythmic activity that is evoked in the hippocampus by sensory stimulation. It has been emphasized that such responses in the hippocampus are readily abolished by small doses of barbiturates.8 A similar type of rhythmic activity also occurs spontaneously in the hippocampus at times when an animal appears to shift or focus its attention or to become alerted.'2""'8 Green and Arduini infer that this activity is dependent on the "reticular activating system" of the brain stem and state that it may be induced in the hippocampus by "arousing stimuli" that are too weak to affect the neocort(x.7 '8 In our own experience, painful stimuli are particularly effective in eliciting * The relevance of such findings to clinical problems has been touched upon elsewhere.", 8 perseverating rhythmic activity in the hippocampus, and it can be shown that when so induced, it may outlast the desynchronized activity (low voltage, random, fast activity) that appears in the neocortex."8
The question arises as to whether or not the foregoing bioelectrical findings are in any way related to differences we have observed in trying to establish conditioned somatic and autonomically dependent responses by "trace" and "delayed" conditioning. In the preliminary investigations described here, "trace" conditioning was used. This form of conditioning was chosen because of the assumption that the interval between the application of the conditioned and unconditioned stimuli would bring to the fore changes in the heart rate and respiration that would not otherwise be so apparent. In the case of the cat, this proved a fortunate choice insofar as the animal remained quiet during the interval, and this gave assurance that the resulting cardiac and respiratory responses were not attributable to diffuse bodily movement. As was pointed out, the animals readily developed conditioned cardiac and respiratory responses, but no foreleg response in spite of numerous trials. On the other hand, if one employs "delayed" conditioning, as we are currently doing in a continuation of this investigation, the foreleg response is quickly established. It should be emphasized that in "trace" conditioning there is an interval of several seconds between the cessation of the conditioned stimulus and the onset of the unconditioned stimulus, whereas in "delayed" conditioning the conditioned stimulus overlaps in time the unconditioned stimulus. How is one to account for the fact that in the test situation that calls for the association of two temporally separated events, the cardiac and respiratory responses are readily conditioned whereas the foreleg response is not? In other words, how is one to explain the fact that learning in this case appears to impress itself more readily on the heart and lungs than on the leg that receives the shock? The hippocampal formation is intimately related to the hypothalamus. Is it possible that the residual neural perturbations remaining in these structures following sensory stimulation (see Fig.  6 ) allow a more ready association of two separated events than is possible in the neocortex where one does not see a comparable phenomenon? If this were so, it would provide a possible explanation of how two separated events are so related as to impress themselves more readily on the activities of the viscera than on the discriminative acts of the somatic musculature that are presumably dependent on the neocortex. In a similar fashion, it would help to explain why conditioning methods involving an overlap in time of the conditioned and unconditioned stimuli are more conducive to establishing conditioned somatic responses than "trace" conditioning. If such deductions are borne out by further experimentation, they would have important implications for learning theory as well as possibly for formulations of dynamic psychiatry in regard to the childhood incipience of psychosomatic disorders.* * Some illustrations may be taken from the discussion in a paper presented at a Symposium on Neurovascular Relationships, Annual Meeting of the Council for High Blood Pressure Research, American Heart Association, Cleveland, Ohio, November 19, 1955. One knows, for example, that in the house training of a dog one must punish the animal almost instantly after it soils or it will fail to learn the significance of the punishment and may subsequently assume a cowering attitude every time it sees its master. In other words, it fails to discriminate that the only time it needs to fear the hand of authority is when there has been a specific misdeed. Pavlov observed that, after establishing a reflex by trace conditioning, the animal might show the reflex in response to many different stimuli. In human affairs, a number of examples come to mind of situations that might lead to a comparable generalization. There is the situation, for example, where a mother habitually postpones punishment of a child until the father can administer the whipping. Is it not possible that such trace conditioning would be conducive to the establishment of indiscriminate visceral reactions in childhood? In the case mentioned, through the symbolic process, the father would stand in the position to become interchangeable with all authoritative figures who in turn are
The foregoinig formulation would be compatible with inferences we drew in reporting the reserpine studies, as well as with observations reported by others concerning the effects of bilateral ablation of the hippocampal formation. Pribram has found in monkeys that bilateral ablation of the hippocampus results in rapid extinction of postoperatively acquired conditioned avoidance. 21 Scoville has observed profound memory disturbances in patients following bilateral excision of the hippocampal formation. 22 There is at present no ready explanation of what accounts for the persisting bioelectrical changes that can be evoked in the hippocampus. Perhaps they are partly to be explained by avalanche conduction along small fiber systems feeding into it. Some evidence from experiments that are yet to be published suggests that a persistent action of a neural transmitter (presumably acetylcholine or like acetylcholine) that is released upon afferent stimulation may be another contributing factor.
SUMMARY
Past investigations have indicated a dichotomy in the function of the phylogenetically old and new cortex. This dichotomy has important implications for psychology and psychiatry because it bears on distinctive attributes of emotional and intellectual behavior. This paper deals with studies seeking a further elucidation of the psychophysiological r6le of the "old" cortex which is now recognized to be fundamentally involved in viscerosomatic and emotional functions. The greater part of the old cortex is contained in the limbic lobe. Together with its subcortical cell stations, it comprises the limbic system.
A seizure that is induced either electrically or chemically in the hippocampal formation has the tendency to spread throughout and be largely confined to the limbic system. There are grounds for inferring that this results in what must amount in part to a functional ablation of the limbic system. Theoretically, therefore, the study of intact waking animals during to be feared regardless of the circumstances in which they appear. The psychosomatic implications of this kind of surmise in regard to the cardiovascular system do not need to be belabored here. Most significant in another respect, and based on very extensive observations, are Gantt's findings that a conditioned cardiac reflex may persist long after the somatic response conditioned by the same stimulus has been extinguished.6 In his words, the organism remembers with its heart, but not with specific movements. "Thus the emotional basis for action remains after the external and superficial movements of adaptation have been lost. . . The organism is being pounded by past emotional memories, which prepare it for an act no longer required."6 In view of the effect of reserpine on conditioned cardiac and respiratory reflexes, it is possible that one of its clinical benefits depends on its ability to modify or abolish old conditioned visceral and viscerosomatic responses that have long since ceased to serve any adaptive purpose.
hippocampal seizures provides a means of assessing the effect of the deprivation of limbic function on behavior.
Without special tests or manipulations it is difficult to appraise the changes in an animal's behavior during hippocampal seizures. The results of experiments employing conditioning methods are summarized. It has been found that hippocampal seizures disrupt the performance of animals trained in conditioned escape behavior. It has also been demonstrated that such seizures may abolish or markedly alter conditioned cardiac and respiratory responses.
Reserpine is now widely used for the treatment of psychiatric disorders and hypertensive cardiovascular disease. A number of incidental observations are cited that suggest certain similarities between the behavior of a reserpine-treated cat and one subjected to a hippocampal seizure. This impression is reinforced by an experiment reported here where the administration of reserpine resulted in the abolition of conditioned cardiac and respiratory responses. Electroencephalographic and cerebral radioautographic studies are described that provide inferential evidence that a neural system involving the hippocampus and hypothalamus may be an important site of action of reserpine.
Some aspects of the relevance of the foregoing studies to behavioral problems are considered in the discussion.
